Geochemical and geochronological analyses provide quantitative evidence about the origin, 13 development and motion along ductile faults, where kinematic structures have been overprinted. 14 The Main Central thrust (MCT) is a key structure in the Himalaya that accommodated substantial 15 amounts of the India-Asia convergence. This structure juxtaposes two isotopically distinct rock 16 packages across a zone of ductile deformation. Structural analysis, whole-rock Nd isotopes, and U-Pb 17 zircon geochronology reveal that the hanging wall is characterised by detrital zircon peaks at ~800-18 1000 Ma, 1500-1700 Ma and 2300-2500 Ma, an εNd (0) signature of -18.3 to -12.1, and is intruded by 19 ~800 Ma and ~500-600 Ma granites. In contrast, the footwall has a prominent detrital zircon peak at 20 ~1800-1900 Ma, with older populations spanning 1900-3600 Ma, and an εNd (0) signature of -27.7 to -21
2003; Dasgupta et al. 2004) . 135 We have collected both structural measurements and samples along several transects across the 136 MCT in the Sikkim Himalaya ( Fig. 2b) . Throughout the region, the MCT zone displays well-developed, 137 polydeformational fabrics typical of large-scale shearing and thrusting that have been extensively 138 described and catalogued in previous structural studies (Goswami 2005) . Structures are dominated 139 by south-directed thrusting along the MCT as typified by the Mangan transect with fabrics detailed 140 in Figure 3 . There is a strong N-S stretching lineation identified from boudinage structures (Fig. 3a) , 141 stretching fabrics in L-tectonites (Fig. 3b) , aligned fold axes, and mineral lineations (Fig. 3d) . 142
Extensive shearing has formed the main penetrative MCT foliation. Shearing is also localised into 143 well-developed shear bands in metapelites (Fig. 3c ) across several kilometres of thickness of the 144 MCT zone. Shear indicators indicate a top-to-the-south sense of shear. 145
Structural mapping reveals that there are high-strain indicators distributed over a distance of ~20 km 146 across and beneath the MCT (Fig. 3) ; hence most previous studies have considered the MCT to form 147 a 'zone'. The rocks within this zone differ in strength and rheology, creating several domains of high 148 strain. The MCT cannot be marked or mapped as a single plane within this zone due to the 149 distributed nature of the strain. This is illustrated in the Mangan section (Fig. 3) where the strain 150 appears to be recorded differently in each lithology. In the metapelites, strain is localised into shear 151 bands, whereas early quartz veins are boudinaged and the mechanically strong orthogneisses 152 develop L-tectonite and LS-tectonite fabrics. The deformation associated with the MCT is principally 153 syn-metamorphic with earlier strain fabrics being reworked and/or erased by metamorphic 154 recrystallization and new mineral growth. 155
In summary, the widespread, heterogeneous and diffuse nature of the strain associated with the 156 MCT zone in the Sikkim Himalaya obscures the differentiation between the LHS and GHS purely on 157 the basis of lithology and/or deformation. This has prompted this study into the use of geochemical 158 and geochronological data in addressing the problem of understanding the location and nature of 159 the MCT. 160
Analytical methods

161
Zircon U-Pb geochronology 162
Samples for zircon U-Pb geochronology were collected from clastic metasedimentary and igneous 163 protoliths across the MCT in the Sikkim Himalaya to investigate the tectonic affinity of these rocks 164 (locations shown in Fig. 2b , and in the table and photomicrographs in the supplementary material S1 165 and S2). Thirteen samples were collected: six quartzites for detrital zircon analysis and seven 166 orthogneiss samples, representing pre-Himalayan granites metamorphosed during the Tertiary 167 orogeny. 168
Zircon was analysed using laser ablation multi-collector inductively-coupled plasma mass 169 spectrometry (LA-MC-ICP-MS) at the NERC Isotope Geosciences Laboratory, Keyworth, UK. 170 Separated grains were imaged using cathodoluminescence scanning electron microscopy (SEMCL), 171 on a FEI Quanta 600 ESEM, at 10nA, 15mm working distance at the British Geological Survey, UK to 172 investigate zoning patterns and to choose appropriate spots for analysis (see CL images in the 173 supplementary material S3). The zircons show several stages of growth recorded in the concentric 174 zoning patterns of the magmatic crystals. Some zircons had more complex histories due to additional 175 post-magmatic metamorphic growth (see the supplementary material S3 for atlas of zircon 176 textures). 177
Zircons were mainly analysed for U-Pb isotopes using a Nu Plasma HR multi-collector inductively 178 coupled plasma mass spectrometer (MC-ICP-MS) (Nu Instruments, Wrexham, UK) and a UP193FX 179 (193nm) excimer or UP193SS (193nm) Nd:YAG laser ablation system (New Wave Research, UK). 180 Measurement procedures followed methods described in Thomas et al. (2010) 
Results
206
Orthogneiss geochronology 207
The ages of the analysed zircons from the seven orthogneiss samples ( The three analysed Neoproterozoic and Ediacaran orthogneiss samples record three separate 221 magmatic events (Fig. 5) . Although all the samples contain inherited zircon cores that match the 222 
Detrital zircon geochronology 228
The detrital zircon data from the six samples analysed are presented in Figures 6, 7 and 8. Four of 229 the samples yield detrital zircon populations that have a prominent peak at ~1800 Ma with older 230 grains spread throughout the Proterozoic and Archaean, and yield no grains younger than ~1700 Ma. 231
In detail, samples 12 and 38x show dominant 1800 Ma peaks with a small number of older zircons. 232
Sample 203 shows a peak at ~1900 Ma and relatively more Archaean zircons than samples 12 and 233 38x. Sample 292 lacks a dominant peak but zircon ages range from ~1900 Ma to ~2600 Ma; this 234 sample contains the oldest zircons seen in this study, dating to c.3600 Ma. The remaining two 235 samples (161 and 211) also contain minor components of Proterozoic and Archaean material, but 236 display a range of ages down to younger than ~800 Ma. Sample 161 yields a dominant age peak at 237 ~800-1100 Ma with minor, older, peaks at ~1500-1700 Ma and ~2300-2500 Ma. Sample 211 yields a 238 similar age spectrum, but with a slightly older dominant peak at ~1000-1300 Ma and a spread of 239 older zircons from 1300 Ma to 2600 Ma. There is also one discordant zircon analysis at ~500 Ma, 240 indicative that this sample may contain Palaeozoic zircon populations. The geochronological and geochemical data from this study can be categorised into two isotopic 272 groups, shown in Fig. 8 . The samples with detrital zircon ages that show a dominant peak at ~1800 273 Ma, with no zircons younger than ~1700 Ma (Fig. 6) , and those samples with an εNd signature of -274 27.7 to -23.4, are indicative of an LHS signature when compared to the published literature as 275 reviewed above. The youngest detrital zircons in the LHS sediments are coeval to the granite 276 intrusion ages, which date from ~1800 Ma. The samples that have a detrital zircon age signature 277 which ranges down to younger than 800 Ma (Fig. 7) or an εNd signature of -18.3 to -12.1 can be 278 characterised as GHS samples when compared to previous studies. The youngest concordant Greater 279
Himalayan detrital zircons are roughly contemporaneous with the oldest granite intrusion (~800 280 Ma), suggesting that these were deposited in an active tectonic environment. 281
It has recently been suggested that the significance of detrital age information is obscured in some 282 The geochemical and geochronological characterisation of the samples from this study has allowed 292
for a more precise trace of the MCT to be proposed in the Sikkim Himalaya (Fig. 2b) , which is 293 generally consistent with that presented in Rubatto et al. (2012) . Our study, which presents the first 294 isotopic data from the rocks of the Sikkim Himalaya, demonstrates that rocks sometimes mapped as 295 a separate lithological unit, the 'MCT zone' (Fig. 2a) , are primarily of Daling Lesser Himalayan 296 isotopic affinity. This is an important conclusion because it implies that the deformation associated 297 with the MCT has mainly penetrated downwards from the "protolith boundary" marked by a distinct 298 break in isotopic signature and granite intrusion age, several kilometres into the footwall of the 299 structure. The deformation associated with thrust faults is known to migrate down into the footwall 300 of the structure when there is progressive failure of the footwall ramps. This results in the 301 abandonment of the old thrust surface and the development of new thrusts in the footwall that 302 eventually leads to the formation of an imbricate stack (Butler 1982 suggested by these lithologies, sediment can be deposited in a dynamic environment (Allen 2005) , 335 which could explain the observed abrupt shifts in geochemical signature in different rock packages. 336
However, the dispersal of sediment from rivers into marine systems may be unpredictable (Wright 337 and Nittrouer 1995), suggesting that detritus from a single river can become dispersed and mixed 338 with other sediment, causing signatures of individual rivers to be obscured in the final depositional 339 marine setting. The abrupt shifts in geochemical signature we observed in the Sikkim Himalaya 340 would require very distinct sediment sources for certain rocks, with little basin-scale mixing. 341 Differences in isotopic signature between two sedimentary packages may also be due to a difference 342 in their duration of transport, and hence time of deposition. For instance, it has been proposed that 343 grain size can act as a buffer, with larger grains (i.e. in the quartzite) being transported faster to the 344 final deposition site than the finer grains that characterise the pelitic lithologies (Allen 2007) . 345
The third controlling factor could have been changes in the catchment and erosion areas of rivers in 346 a tectonically active region. Recent work has shown that the route of the Yarlung-Tsangpo-Irrawaddy 347 system was modified by river capture during Himalayan uplift (Robinson et for the provenance and pre-Himalayan architecture of the eastern Himalaya, constrained by the 407 geochemical data presented in this study (Fig. 10 ). Bhimphedian orogeny, in marked contrast to the more southerly, proximal, LHS package that was 416 apparently unaffected by this event (Fig. 10) . (Fig. 2c) . 442
Conclusions
443
The Sikkim Himalaya exposes a window into a well-preserved mid-crustal thrust zone formed during 444 the Himalayan orogeny. New geochemical and geochronological data show that there is a significant 445 isotopic break between the juxtaposed LHS and GHS packages in this region. The GHS rocks are 446 characterised by detrital zircon age peaks at ~800-1000 Ma, 1500-1700 Ma and 2300-2500 Ma and 447
by an εNd (0) signature of -18.3 to -12.1. This rock package was intruded by granites of 448 Neoproterozoic (~800 Ma) and Ediacaran-Cambrian (~500-600 Ma) age. Bhutan. This similarity suggests that these rocks may be of similar protolith and have experienced 463 similar tectonic disruption, placing constraints on the amount of displacement caused by the 464 intervening, Yadong cross structure. 465
Isotope geochemistry is a robust tool for defining differences between and the juxtaposition of two 466 distinct terranes across a structure which spans over 2500 kilometres along the Himalayan orogen. analyses; probability density plots based on analyses with discordance lower than 5%. Sample 795 locations shown in inset map. 796 (Fig. 9a) . Full concordia and probability density plots can be found in Figures 4-7 . 810 
